Objective To report results of intrathecal nusinersen in children with later-onset spinal muscular atrophy (SMA).
Spinal muscular atrophy (SMA) is a neuromuscular disorder characterized by progressive muscular atrophy and weakness. 1 Infants with SMA type I (symptom onset ≤6 months) are unable to sit independently. Children with SMA type II (symptom onset 7-18 months) can sit unsupported, though some may lose this ability over time, and some may stand but are unable to walk independently. Children with SMA type III (symptom onset >18 months) can walk independently, but some may lose this ability over time.
SMA is caused by homozygous deletions or mutations in the survival motor neuron 1 (SMN1) gene, resulting in decreased full-length functional SMN protein expression and spinal cord and brainstem motor neuron degeneration. 2 The paralogous SMN2 gene also codes for the SMN protein but produces very little functional SMN protein due to aberrant splicing. 1 Nusinersen is an antisense oligonucleotide drug that modifies SMN2 premessenger RNA splicing, resulting in increased fulllength SMN protein levels. 3 In previous clinical studies, nusinersen showed efficacy over placebo or the expected clinical course of SMA in individuals with infantile-onset SMA (most likely to develop SMA type I or II) and later-onset SMA (most likely to develop SMA type II or III) as well as a favorable benefit-risk profile. [4] [5] [6] [7] We report effectiveness and safety results in children with later-onset SMA (have or are most likely to develop SMA type II or III) who received their first nusinersen dose in the phase 1b/2a ISIS-396443-CS2 (CS2) study and who were eligible to continue treatment in the ISIS-396443-CS12 (CS12) extension study.
Methods
Standard protocol approvals, registrations, and patient consents The CS2 and CS12 study protocols and informed consent/ assent forms were approved by institutional review boards at each study center before participant recruitment. Parent or legal guardian written informed consent and, when guidelines Glossary 6MWT = 6-Minute Walk Test; AE = adverse event; CMAP = compound muscle action potential; DSMB = data and safety monitoring board; HFMSE = Hammersmith Functional Motor Scale-Expanded; LP = lumbar puncture; MUNE = motor unit number estimation; SAE = serious adverse event; SE = standard error; SMA = spinal muscular atrophy; SMN = survival motor neuron; ULM = Upper Limb Module.
and participant age required, informed assent were obtained for each participant. The World Medical Association Declaration of Helsinki and Good Clinical Practice guidelines were strictly followed throughout the study. An independent data and safety monitoring board (DSMB) provided oversight of the studies in collaboration with the sponsors. CS2 and CS12
were registered with ClinicalTrials.gov (NCT01703988 and NCT02052791, respectively).
Participants
In CS2, eligible children were aged 2-15 years, had genetic documentation of 5q SMA, had clinical symptoms attributable The CS2-CS12 integrated efficacy analysis included 28 children from CS2 who received their first dose of nusinersen in CS2 and could have been treated in CS12. The total number of nusinersen doses administered in CS2 was 2 (cohort 3) or 3 (cohorts 1, 2, and 4), and the total number of nusinersen doses administered in CS12 was 4. D = day; SMA = spinal muscular atrophy.
to SMA, and met all additional eligibility criteria. Children eligible for CS12 completed dosing in either the CS2 or ISIS-396443-CS10 (CS10; NCT01780246) studies between 6 and 13 months before screening and met all additional eligibility criteria. Only those children who enrolled in CS2 are included in the current integrated analysis because the loading dose schedule in CS10 differed from the intended treatment regimen in CS12. Full listings of CS2 and CS12 eligibility criteria are available from Dryad (e-Methods, doi.org/10.5061/dryad.n37q406).
CS2 enrolled a total of 34 children; 28 were treatment-naive and received their first dose of nusinersen in CS2. Of the children who first received nusinersen in CS2, 24 continued onto CS12 (figure 1B). For the integrated analyses reported in this article, all children in CS2 who received their first nusinersen dose while in CS2 and were eligible to continue treatment in CS12 are included (n = 28).
Study designs, treatments, and procedures
CS2 was an open-label, phase 1/2a, multicenter, multiple-dose, dose-escalation study in which participants received 2-3 doses of intrathecally administered nusinersen over 85 days. Following a screening period of ≤28 days, 4 dose levels were evaluated sequentially in 4 separate cohorts: cohort 1 received nusinersen 3 mg on days 1, 29, and 85 (n = 8); cohort 2 received nusinersen 6 mg on days 1, 29, and 85 (n = 8); cohort 3 received nusinersen 9 mg on days 1 and 85 (n = 9); and cohort 4 received nusinersen 12 mg on days 1, 29, and 85 (n = 9). During the study, progression from the first dosing cohort to each subsequent dosing cohort was based on lack of occurrence of dose-limiting toxicity as determined by the sponsors and the independent DSMB. Nusinersen intrathecal lumbar puncture (LP) injection volume was 5 mL. Anesthesia/sedation may have been used for the LP procedure per each participating institution's guidelines. Within each cohort, ≤4 children aged >7 years at screening were enrolled. A posttreatment follow-up period of ;6 months followed the day 85 dose. Safety monitoring visits occurred on days 8, 36, 92, 169, and 253 (≤24 weeks after the last dose of nusinersen).
For children who continued onto the CS12 extension study, the time interval between the completion of CS2 and enrollment in CS12 was generally longer in those who received lower doses in CS2 and shorter in those who received higher doses due to the sequential nature of enrollment of ascending dose cohorts in CS2. The time between studies was ;13 months for those in CS2 cohort 1 (3 mg; range, 386-413 days), ;11 months for those in CS2 cohort 2 (6 mg; range, 288-348 days), ;10 months for those in CS2 cohort 3 (9 mg; range, 255-361 days), and ;7 months for those in CS2 cohort 4 (12 mg; range, 196-271 days).
CS12 was a multiple-dose, open-label extension study in which participants received 4 doses of 12 mg intrathecally administered nusinersen at 6-month intervals on days 1, 169, 351, and 533. Nusinersen intrathecal LP injection volume was 5 mL. Anesthesia/sedation may have been used for the LP procedure per each participating institution's guidelines. A screening period of ≤28 days preceded the first dose of nusinersen on day 1, and a posttreatment follow-up period of ;6 months followed the fourth dose on day 533. Safety monitoring visits occurred on days 8, 85, 260, 442, 624, and 715 (≤26 weeks after the last dose of nusinersen). The date of the last CS12 participant's last visit was January 24, 2017. Children who completed treatment in CS12 could transition into the open-label extension study SHINE (NCT02594124).
Study assessments and outcomes
All physical therapists involved in CS2 attended a comprehensive outcomes training course before study commencement and a refresher training session annually thereafter. Investigators, subinvestigators, and site staff were trained during the site initiation visit. Efficacy assessments conducted during the course of both studies included the Hammersmith Functional Motor Scale-Expanded (HFMSE), Upper Limb Module (ULM) test, 6-Minute Walk Test (6MWT), compound muscle action potential (CMAP), and quantitative multipoint incremental motor unit number estimation (MUNE). The HFMSE is a valid and reliable measure of motor function in SMA. [8] [9] [10] The ULM assesses upper limb function in nonambulant individuals with SMA. 11 The 6MWT is a valid and reliable measure of functional capacity in ambulatory individuals with SMA. 12, 13 CMAP and MUNE are electrophysiologic measures that can be used to estimate the degree of innervation of a muscle. 14 For more details, see the e-Methods (doi.org/10. 5061/dryad.n37q406). Analyses of clinically meaningful change in efficacy endpoints utilized the following thresholds of improvement identified in previous studies as clinically meaningful: ≥3-point change on HFMSE, 20 ≥2-point change on the ULM, 17 and ≥30 meter change in 6MWT walking distance.
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Of note, while some children underwent efficacy assessments at day 1,150 (n = 4-6), assessments of clinically meaningful improvement for all efficacy endpoints are presented among those assessed at day 1,050 because the larger numbers of children assessed at this time point reflect results more representative of the entire cohort.
In CS2, efficacy endpoints were assessed at baseline (last nonmissing assessment before the first dose of nusinersen) and days 92, 169, and 253. 
Statistical analysis
To allow for an integrated analysis over time while taking into account the differing times between the end of CS2 and the beginning of CS12 between participants, a windowing approach was utilized. Study days were derived from the first day of dosing on CS2 for all study visits in CS2 and CS12.
Study visits were then assigned specific study days as follows: study visits that took place >50 to ≤131 days from the first day of dosing on CS2 were labeled study day 92, study visits >131 to ≤211 days were labeled study day 169, study visits >211 to ≤302 days were labeled study day 253, study visits >302 to ≤400 days were labeled study day 350, and study visits >X − 50 to ≤X + 50 days were labeled study day X (beginning at day 450 and increasing by 100 to day 1,150). When >1 study visit for a participant fit into a specific study day interval, the corresponding scores were averaged and the mean was assigned to the visit label and used for analysis purposes. In addition, due to the gap between studies and windowing of visits, some windowed visits do not include all participants.
Efficacy assessments were summarized using descriptive statistics. Correlations between changes in HFMSE and ULM scores were calculated.
Classification of evidence
This study provides Class IV evidence that children with lateronset SMA treated with multiple doses of intrathecal nusinersen (≤12 mg per dose) over ;3 years demonstrated clinically meaningful improvements in measures of motor function, including the HFMSE (SMA type II), ULM (SMA type II), and 6MWT (SMA type III), and stabilization of disease activity (HFMSE, SMA type III) that were not seen in comparable natural history cohorts.
Data availability
Requests for data supporting this article should be submitted to the Biogen Clinical Data Request Portal (biogenclinicaldatarequest.com).
Results

Patients
Of the 28 children included in the integrated analysis, 11 (39%) had SMA type II and 17 (61%) had SMA type III (table) . In accordance with SMA subtypes classifications based on natural history, 2, 8 none of the children with SMA type II were reported as ambulatory (defined as having the ability to walk ≥15 feet independently without support or braces) at their baseline assessment. All 17 children with SMA type III had previously walked, but 4 lost that ability before the CS2 baseline assessment; thus, 13 were ambulatory at CS2 baseline. Two of 11 (18%) children with SMA type II and 15 of 17 (88%) children with SMA type III were able to walk with support at CS2 baseline. None of the children with SMA type II and 12 of the 17 (71%) children with SMA type III were able to stand without support. All participants were able to sit without support. Children included in these analyses were enrolled in CS2 and CS12 for an average of 965.1 (range, 31-1,219) days and received a median of 7 (range, 1-7) nusinersen doses. Baseline functional scores were similar to those observed in prior SMA natural history studies.
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Efficacy results
Hammersmith Functional Motor Scale-Expanded
Children with SMA type II demonstrated progressive improvement in mean HFMSE score over time, with mean (standard error [SE]) scores improving by 10.8 (4.3) points from baseline to day 1,150 (figure 2). Nine of 11 (82%) children demonstrated clinically meaningful improvements (previously defined as an increase of ≥3 points from baseline) 19 by day 253 and 7 of 9 (78%) children demonstrated clinically meaningful improvements by day 1,050.
Overall, children with SMA type III demonstrated a relatively modest change in mean HFMSE score over time, with mean (SE) scores improving by 1.8 (0.9) points from baseline by day 1,150 (figure 2). Three of 16 (19%) children demonstrated clinically meaningful improvements by day 253, including 1 nonambulant child, and 4 of 11 (36%) children demonstrated clinically meaningful improvements by day 1,050.
Among the 13 ambulant children with SMA type III, mean (SE) HFMSE scores improved by 2.6 (0.8) points from baseline by day 1,150, and clinically meaningful improvements were demonstrated by 2 of 12 (17%) children by day 253 and 4 of 9 (44%) children by day 1,050. 
Upper Limb Module
Progressive improvements in mean ULM score were demonstrated over time; mean (SE) scores improved by 4.0 (2.4) points from baseline by day 1,150 (figure 3A). Five of 11 (45%) children demonstrated clinically meaningful improvements (previously defined as ≥2-point increase from baseline) 17 by day 253 and 5 of 9 (56%) children demonstrated clinically meaningful improvements by day 1,050.
All nonambulant children with SMA type III assessed at the day 350 visit had reached the maximum score of 18 points and maintained this score through day 1,150 assessments.
Correlation between HFMSE and ULM
In children with SMA type II, change from baseline in HFMSE score was strongly correlated with change from baseline in ULM score at every visit day, with a correlation coefficient of r = 0.87 demonstrated at day 1,150.
Six-Minute Walk Test
One of the 11 children with SMA type II (age 2.1 years at first dose in CS2) gained the ability to walk independently during the course of the studies. The child first completed the 6MWT at the day 650 visit (total distance walked was 25.5 meters) and demonstrated continued improvements over time; by the day 1,150 visit, the child's 6MWT distance was 180 meters.
Children with SMA type III demonstrated progressive improvements from baseline in 6MWT distance over time, with mean (SE) distances improving by 92.0 (21.5) meters by day 1,150 (figure 3B). Two of the 4 children who were previously able to walk but had lost that ability before the baseline assessment regained the ability to walk independently during the course of the studies. In addition, 6 of the 12 (50%) children assessed at the day 253 visit demonstrated clinically meaningful improvements in 6MWT distance (previously defined as ≥30-meter increase from baseline) 13 
Safety results
All children experienced ≥1 AE while on study (n = 28; 100%). The most common AEs (occurring in ≥20% of children) were post-LP syndrome (n = 16; 57%), headache (n = 13; 46%), nasopharyngitis (n = 12; 43%), upper respiratory tract infection (n = 12; 43%), puncture site pain (n = 11; 39%), back pain (n = 9; 32%), scoliosis (n = 8; 29%), pyrexia (n = 7; 25%), joint contracture (n = 6; 21%), rhinorrhea (n = 6; 21%), and vomiting (n = 6; 21%). Most AEs were mild or moderate in severity and were considered by investigators as unrelated to the study drug. Serious AEs (SAEs) were reported by 5 (18%) children and included post-LP syndrome (n = 2); lower respiratory tract infection, respiratory distress, and viral pneumonia (n = 1); acute respiratory failure and respiratory syncytial viral pneumonia (n = 1); and vesicoureteral reflux and pyelonephritis (n = 1). No SAEs were considered related to study drug, and no children discontinued treatment due to AEs. No clinically relevant changes in laboratory values or neurologic examinations considered related to nusinersen treatment were observed.
Discussion
This integrated analysis of the CS2 and CS12 studies provides evidence-based data that extend the age range and length of time 7, 20 A previously published phase 1 study reported positive safety and preliminary efficacy results in children with SMA type II or type III aged 2-14 years over the course of 9-14 months. 20 In a previously published phase 3 study of nusinersen in children with later-onset SMA (most likely to develop SMA type II or type III), statistically significant and clinically meaningful improvements in motor function were seen in children age 2-9 years at treatment initiation over the course of 15 months. 7 In the current study, clinically meaningful improvements in motor function were observed in children with SMA type II or type III age ≤15 years at treatment initiation over the course of ;3 years of follow-up. Thus, the current results extend the age range over which motor function improvements have been observed following nusinersen treatment and more than double the length of treatment time over which progressive improvements in motor function have been observed in children with SMA as well as the time over which nusinersen has demonstrated a favorable safety profile.
Mean HFMSE and ULM scores in children with SMA type II and mean 6MWT distances in children with SMA type III increased over time in a relatively linear trajectory without plateau, suggesting that the positive effects of nusinersen in these populations are time-dependent. These results represent a vast improvement over the documented natural history of children with SMA classified as type II or type III, a progressive neuromuscular condition where patients may gain function or remain stable initially but eventually lose function over time. 7, 15 These results also suggest that treatment with nusinersen may not just prevent motor function deterioration, but could also allow for continued motor function improvement and even reversal of motor function loss. The biological basis for this time-dependent effect remains to be studied, but may be related to continued axonal growth and reinnervation of muscle fibers, improved neuronal/axonal function, maturation of abnormal synapses, and/or transneuromuscular junction effects on muscles, all potentially induced by increased SMN protein production related to continued treatment with nusinersen. Further studies would be necessary to elucidate the mechanism of action responsible for the nusinersen-induced improvements in motor function. In addition, the measures of motor function used in this study assess motor abilities directly relevant to activities of daily living 10, 11, 13 ; thus, the improvements observed in this study could represent an increased standard of living for these children.
In the current study, HFMSE scores improved by a mean of 10.8 points in children with SMA type II and a mean of 1.8 points in children with SMA type III at day 1,150, respectively, compared with declines in score of 1.7 points at 36 months (1,095 days) in a natural history study of children with SMA type II or III. 15 Mean improvements in HFMSE score were generally larger in children with SMA type II compared with those with SMA type III at each time point, possibly due to the lower mean HFMSE score observed in this group at baseline. Indeed, clinically meaningful increases were observed in the majority of children (78%) with SMA type II by day 1,050, a result rarely seen in this SMA population, 21 while clinically meaningful increases were only observed in 36% of children with SMA type III over the same time frame. The relatively modest increase in mean HFMSE score in children with SMA type III could be due to the fact that some of the more difficult items on the HFMSE (i.e., squatting, jumping, stair climbing) are simply harder to achieve regardless of SMA type. This explanation is supported by our results; only 6 of the 17 (35%) children with SMA type III in this study achieved a highest score of >60 points despite 11 (65%) having baseline scores >50 points. Regardless, of the children with SMA type III with HFMSE score increases <3 points at day 1,050 (indicating no apparent clinically meaningful improvement), 5 of the 5 (100%) who had 6MWT distances recorded at baseline and day 1,050 demonstrated clinically meaningful improvements on the 6MWT. It should also be noted that any increase or stabilization of HFMSE score is a distinct and evident improvement over comparable natural history cohorts that have demonstrated progressive decreases in score over similar time frames. 15, 21 Among individuals with SMA type II or III and their caregivers, slowing of disease progression and stabilization of disease course were considered clinically meaningful. 10, 22 Children with SMA type II demonstrated greater mean improvements in ULM scores compared with mean changes observed in a comparable natural history cohort (+2.8 points at day 350 vs +0.04 over 12 months, respectively). 17 Mean ULM scores generally demonstrated consistent improvement over the course of the study period, similar to the progressive improvement in mean HFMSE score demonstrated by children with SMA type II over time. Indeed, changes from baseline in HFMSE and ULM scores were strongly correlated at each visit day.
Children with SMA type III demonstrated greater mean improvements in 6MWT distances compared with mean changes observed in a natural history cohort of patients with SMA type III (+36.3 meters at day 350 vs −1.5 meters over 12 months, respectively). 16 In addition, 1 previously nonambulant child with SMA type II achieved independent walking over the course of the studies, an achievement not congruent with the definition of SMA type II. Moreover, 2 of the 4 children with SMA type III who had previously achieved independent walking but had lost that ability before the baseline assessment of CS2 regained the ability to walk independently during the course of the studies. These results show that nusinersen can alter SMA disease progression and that reversal of motor function loss is possible in individuals with later-onset SMA.
Mean CMAP amplitudes, CMAP areas, and MUNE values, with the exception of MUNE values in children with SMA type III, fluctuated but remained generally stable in contrast to the increases observed in HFMSE score, ULM scores, and 6MWT distances over time. While CMAP and MUNE values have been shown to correlate with disease progression in neuromuscular disorders, 14, 23 increased MUNE and stable CMAP values have been observed in some natural history populations despite motor function declines. 24 CMAP amplitude and area were stable in healthy control infants (age ≤6 months) over 2 years of follow-up in the NEURONEXT study 25 in contrast to the increase expected in normally developing children. 26 Because the NEURONEXT study also used a single G1 electrode placement, this result suggests that the use of 1 G1 placement may result in decreased sensitivity compared with previously published techniques in which a minimum of 3-5 G1 placements were used to ensure measurement of the maximum motor response. 14, 18 These results suggest that the benefit of nusinersen treatment on distal innervation capacity may be less robust than its overall benefit on motor function and is likely influenced by factors including age, severity of denervation at the time of enrollment, duration of exposure, and nerve muscle group tested. As distal peripheral reinnervation appears to be more challenging to rescue in a growing child whose limbs are lengthening over time and whose distal motor units, neuromuscular junctions, and muscles continually require adequate SMN levels at distal terminals, the decline in MUNE values observed in children with SMA type III over time is not surprising in this cohort of children with lateronset SMA, despite the gains in motor function demonstrated by other assessments. Furthermore, it reinforces the potential benefit of using an incremental multipoint MUNE technique as a complementary endpoint in future clinical trials.
No new safety concerns beyond those previously reported were identified in these studies. 4, 5, 7, 20 Nusinersen demonstrated a favorable benefit-risk profile in this population, with most AEs reported being mild or moderate in severity and no children discontinuing treatment due to AEs. In addition, no clinically relevant changes in laboratory values considered related to nusinersen were observed. This integrated analysis had some limitations. CS2 and CS12 were open-label studies with no internal control groups. Because of the small sample size, additional analyses assessing the effects of covariates on the endpoints tested were not possible. Similarly, because of the small number of children with efficacy assessments available at day 1,150, measurements of clinically meaningful improvement are presented out of those assessed at day 1,050. Due to the windowing approach utilized for study visit categorization, data incorporated into a single study visit could have been collected ≤100 days apart for each individual and, due to the gap between studies and visit windowing, some windowed visits do not include all participants. In addition, children in CS2 cohorts 1-3 received lower doses of nusinersen compared with those in CS2 cohort 4; these children may have demonstrated even greater improvements had they received the higher dose from the beginning of CS2. Moreover, due to the ascending dose level study design of CS2 and resultant larger gap between CS2 and CS12 in children enrolled in the lowerdose cohorts, it may have taken longer for children in cohorts 1-3 to reach steady-state levels of nusinersen. Finally, single G1 electrode placement for CMAP measurement may lead to decreased CMAP sensitivity, and MUNE and CMAP values could potentially be influenced by the reading neurologist's expertise, which may lead to result variability, especially in multicenter studies such as CS2 and CS12. These issues could be ameliorated by additional training or recording of these studies, or with enhanced opportunities for real-time centralized review and feedback.
The results of the CS2-CS12 integrated analysis support previous results demonstrating the statistically significant and clinically meaningful effects of nusinersen in infants and children with infantile-and later-onset SMA, 4, 7 and further extend the age range and length of treatment over which the benefits of nusinersen in children with later-onset SMA who have or are most likely to develop SMA type II or III have been observed.
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